In most individuals, language production and visuospatial skills are subserved predominantly by the left and right hemispheres, respectively. Functional Transcranial Doppler (fTCD) provides a noninvasive and relatively low-cost method for measuring functional lateralization. However, while the silent word generation task provides an accurate and reliable paradigm for investigating lateralization of language production, there is no comparable gold-standard method for measuring visuospatial skills. Thirty undergraduate students (19 females) completed a task of spatial memory while undergoing fTCD recording. Participants completed this task at two different time points, separated by between 26 to 155 days. The relative activation between hemispheres averaged across all participants was found to be consistent across testing sessions. This was observed at the individual level also, with a quantitative index of lateralization showing high reproducibility. These fi ndings indicate that the use of the spatial memory task with fTCD is a robust methodology for examining laterality of visuospatial skills. ( JINS , 2009( JINS , , 15, 1028( JINS , -1032 
INTRODUCTION
In most, but not all, cases, functional differences are observed between the two hemispheres: language production is subserved predominantly by the left hemisphere and visuospatial skills by the right hemisphere. Determining the lateralization of each function is of both theoretical and practical interest, providing insight into the development of functional specialization (Whitehouse & Bishop, 2009 ) , as well as informing clinical decision-making, as in the case of preoperative evaluations of epileptic patients (Loring, Meador, Lee, & King, 1992 ) .
Traditionally, cerebral lateralization has been determined with the Wada test, an invasive procedure in which function of one cerebral hemisphere is transiently disrupted by the administration of sodium amobarbital via a carotid or femoral artery (Wada & Rasmussen, 1960 ) . However, while the Wada test is highly effective in determining functional lateralization, the invasive nature of the procedure is a major drawback. Although functional magnetic resonance imaging (fMRI) is starting to replace the Wada test in clinical settings, it remains too expensive for routine use in research projects. An alternative procedure that has become increasingly popular is functional Transcranial Doppler (fTCD). fTCD uses ultrasound to measure event-related changes in blood fl ow through the left and right middle cerebral arteries (MCA) . Interest in fTCD has spiked in the recent years with recent software advancements that considerably enhance the accuracy of measurement (Deppe, Knecht, Henningsen, & Ringelstein, 1997 ) .
To date, research with fTCD has focused mainly on determining lateralization of language production. A widely used paradigm for this is the word generation task, in which participants are asked to silently generate words that begin with a given letter. Using this paradigm, Deppe et al. ( 2000 ) found that around 90% of 188 right-handed individuals have these abilities lateralized predominantly to the left hemisphere, Reliability of a spatial memory task using fTCD 1029 which is similar to the proportion of individuals identifi ed to have a leftward asymmetry for language using fMRI (Deppe et al., 2000 ) or the Wada test . Further examination has found the reproducibility for this paradigm to be excellent. Knecht et al. retested 10 individuals between one hour and 14 months after their initial assessment and found the correlation of quantitatively defi ned laterality indices between testing sessions to be extremely high, r = .95.
Considerably less research has evaluated visuospatial paradigms and currently no task has been found to have the rigorous properties exhibited by the word generation paradigm. Whitehouse and Bishop ( 2009 ) developed a spatial memory task, which requires participants to memorize the location of a number of red circles randomly interspersed among a greater number of white circles. Around 80% of the 75 participants were found to exhibit greater right-than left-hemisphere activation. This fi gure is congruent with fi ndings from studies of brain-damaged patients, which estimate that visuospatial functions are lateralized predominantly to the right hemisphere in around 75% of cases (Bryden, Hécaen, & DeAgostini, 1983 ) . The current study investigated the test-retest reliability of fTCD activation elicited by the spatial memory task reported in Whitehouse and Bishop ( 2009 ) . We also sought to determine whether this paradigm was subject to habituation of cerebral blood fl ow over time, a phenomenon that would limit the applicability of this task.
METHOD Participants
Participants were staff or students of Oxford University. All were part of a larger sample, recruited for a previous study (Whitehouse & Bishop, 2009 ). In the previous study, participants were administered the task of spatial memory along with a word generation task that determines laterality for language. Selected members of this sample were contacted again for the current study. The cohort included in the current study was over-sampled for those individuals with atypical (i.e., lefthemisphere) lateralization for the spatial memory task, in order to provide an evaluation of the full range of cerebral activation. The 30 participants (19 females) for the current study were aged between 18 and 29 years ( M = 22.07, SD = 3.32). All were healthy and without any history of neurological disorder. Handedness was assessed with the Edinburgh Handedness Inventory (Oldfi eld, 1971 ) , with scores of 40 or above denoting right-handedness, 40 or below denoting left-handedness, and scores in between denoting ambidexterity. The sample included 16 right-handed (10 females), 13 left-handed (9 females), and 1 ambidextrous (male) individual. The interval between individual testing sessions ranged from 26 to 155 days ( M = 63.33, SD = 40.2).
Apparatus and Stimuli
Blood fl ow velocity through the right and left MCAs was measured with a Doppler ultrasonography device (DWL Multidop T2; DWL Elektronische Systeme, Singen, Germany). Participants were fi tted with a fl exible head-set, which held in place a 2-MHz transducer probe over each temporal skull window. The spatial memory task was controlled by Presentation Software (version 0.43, 2001 ; Neurobehavioral System Inc., San Francisco, CA ) on a Dell laptop computer, which sent markers to the fTCD to denote the start of each epoch. All participants had at least 15 accepted epochs in each session. A paired t test found no difference in the number of accepted epochs between the two time points (Time 1: M = 18.8, SD = 1.16; Time 2: M = 18.87, SD = 1.2), t = .32, p = .75.
Design and Procedure
Procedure for the spatial-memory experiment was identical to that outlined in Whitehouse and Bishop ( 2009 ) . Participants were seated in a quiet laboratory, with a computer placed roughly 80 cm in front of them. After receiving information about the experiment, participants were cued by a tone to attend the computer screen. White ( n = 17) and red ( n = 9) circles appeared on the screen, overlaid on a black background. The circles were distributed approximately evenly across the screen, but were not aligned in rows or columns. Participants were instructed to memorize the location of the red circles, which were randomly located around the screen. The circles remained on the screen for 5 seconds, and were then replaced by a blank screen for 10 seconds. Following another cuing tone, the circle array appeared for another 5 seconds. In half of the 20 trials, the location of the red (and white) circles was the same, while in the other half of the trials, the location of one white and one red circle was swapped. Participants, who sat with their hands on the table in front of them, were asked to decided whether the location of the red circles was the same or different as the initial screen, by raising the index fi nger on their left or right hand, respectively. "Same" and "different" trials were in the same random order for all participants. Participants were awarded one point for each trial that they correctly identifi ed as the "same" or "different." There was no difference in the number of trials that were correctly identifi ed as same or different by the participants between time 1 ( M = 17.89, range = 16-20) and time 2 ( M = 17.82, range = 14-19), t = .24, p = .82. This procedure was approved by the Central University Research Ethics Committee of Oxford University, and informed consent was obtained from each participant.
Data were analyzed off-line using the software, AVERAGE, version 1.85 (Deppe et al., 1997 ) . Information on individual trials could then be extracted from each participant's electronic output fi le using a Matlab script (Mathworks Inc., Sherborn, MA) written by one of the authors (NB). A laterality index (LI) was computed as the dependent variable in both testing sessions. First, a difference plot for each individual was created by subtracting the percent cerebral blood fl ow velocity measured by the right probe averaged across all accepted trials, from that measured by the left probe. The LI is a measurement that is extracted from difference curve, calculated as the mean blood fl ow velocity difference in a 2 s window centerd on the peak value during the recognition phase of the spatial memory task (22-32 s after the start of each trial). A positive LI indicated greater left than right hemisphere activation, with a negative index signifying the reverse. Figure 1 plots the difference curves, averaged across all participants, for time 1 and time 2. The intra-class correlation (ICC) was used to calculate the similarity between the two difference curves. The ICC is conceptually similar to the Pearson correlation coeffi cient, but is sensitive to the position, as well as shape, of the two curves. The ICC between the two curves was strongly positive, r = .97, p < .001.
RESULTS
We then sought to determine whether there were differences in the mean activation recorded by the two Doppler probes between time 1 and time 2. Paired t tests found no difference between sessions in measurements taken by the left probe, M difference = 0.49, SD of difference = 3.04, t (29) = 0.89, p = .38, or right probe, M difference = 0.43, SD of difference = 3.26, t (29) = 0.72, p = .48, during the timewindow of interest (22-32 s after the start of each trial).
Participants' LI for the spatial memory task in the second session were then computed. A paired-samples t test found no difference between the mean LI for the fi rst ( M = -2.81, SD = 2.69) and second sessions in this participant sample ( M = -3.05, SD = 2.4), t (29) = 0.92, p = .37. Figure 2 shows a scatter plot of each participant's LI at the two time points as a function of handedness. Visual inspection suggests a high-level of congruence between the LIs for the two sessions, and this was confi rmed using Pearson's correlation coeffi cient, r (30) = .84, p < .001.
We then sought to determine whether reliability varied as a function of the time between testing sessions. A "reliability index" was calculated by subtracting the LI of time 2 from the LI of time 1. The mean reliability index did not signifi cantly differ from zero, M = -.25; SD = 1.48, t (29) = .92, p = .27. No correlation was observed between the reliability index and the number of days between testing sessions, r = .01, p = .94.
Analyses then concentrated on whether there was habituation in cerebral blood perfusion across the trials. For each person, separate LIs were calculated for each accepted trial (using the same method outlined previously) in the second session. Two mean LIs were then computed for each person: one averaged across the LIs for the fi rst 10 trials (trials 1 to 10) and the other averaged across the LIs for the second 10 trials (trials 11 to 20). There was no difference in the number of accepted trials between the fi rst-half ( n = 9.87; SD = .43) and secondhalf of the task ( n = 9.57; SD = 1.33), t (29) = 1.14, p = .26. An independent t test found no difference in the average LI between the fi rst 10 and the second 10 trials, M difference = 0.59, SD of difference = 2.43, t (29) = 1.32, p = .2.
In the fi rst testing session, participants completed a word generation task, which provided a measure of cerebral lateralization for language production (based on a LI). For a full description of this task, please refer to Whitehouse and Bishop ( 2009 ) . A fi nal analysis examined the association between cerebral lateralization for spatial memory (measured at time 2) and language (measured at time 1). Figure 3 shows that the majority of individuals were right hemisphere-lateralized for spatial memory and left hemisphere-lateralized for language production. A minority of individuals had both functions lateralized to either the left-hemisphere ( n = 7) or righthemisphere ( n = 5), while one participant only showed the reverse pattern of typical asymmetry (i.e., left hemisphere dominant for spatial memory, and right-hemisphere dominant for language production).
DISCUSSION
Visuospatial skills are subserved by a large-scale cognitive system spanning both cerebral hemispheres, but focused Fig. 1 . Mean difference waves for Time 1 and Time 2. This fi gure also presents critical points in the task and the period for laterality index (LI) calculation (i.e., the period in which the peak difference is measured). in the right hemisphere in the majority of the population. Whitehouse and Bishop ( 2009 ) presented a task of spatial memory that can be used with fTCD to determine hemispheric dominance of these skills, and the current study examined the reproducibility of this paradigm. Figure 1 shows that the difference in mean activation of the two cerebral hemispheres when completing the task was highly similar between the two sessions. Figure 2 shows that this pattern was observed at the individual level also. Further analyses found no evidence for habituation in blood perfusion across trials, and that time between sessions had no effect on reproducibility. These data suggest that the spatial memory paradigm is a reliable method for examining lateralization of visuospatial skills.
It is important to note that although reliability between the two sessions was good ( r = .84), it was not perfect. Two participants exhibited greater left-than right-hemisphere activation in the fi rst session (Participant 11 = 0.62; Participant 29 = 1.12), but the reverse pattern in the second session (Participant 11 = -0.86; Participant 29 = -1.5). Importantly, the difference in LIs between sessions for these two participants were of a similar magnitude to that observed among other participants in the current study, as well as for participants retested on the word generation paradigm .
For over a decade, the silent word generation has been considered the gold standard method for determining language lateralization using fTCD. However, consensus on a comparable paradigm for examining lateralization of visuospatial skills has yet to be achieved. One of the impediments to research in this area is that visuospatial ability encompasses a range of cognitive functions, and the genetic, biological, and/or environmental factors infl uencing lateralization may differ between skills. Spatial orientation has been examined with fTCD using a variety of mental rotation paradigms. Although the majority of these tasks have elicited greater right-than left-hemisphere activation, this has often been found to be unstable at the individual level (Bulla-Wellwig, Vollmer, Gotzen, Skreczek, & Hartje, 2005 ; Hartje, Ringelstein, Kistinger, Fabianek, & Willmes, 1994 ; Serrati et al., 2000 ) . Dorst et al. ( 2008 ) suggested that the lack of reproducibility may be a result of limitations in task design, such as the requirement of a verbal response from participants. More consistent right-hemisphere activation has been elicited by tasks of spatial attention, in particular the Landmark task, in which participants are required to judge the point at which a vertical line bisects a horizontal line (Flöel, Buyx, Brietenstein, Lohmann, & Knecht, 2005 ) . Using fTCD, Flöel et al. ( 2002 ) found the reproducibility of hemispheric activation to be high in 20 healthy adult participants, r = .9. However, visuospatial attention is likely to be a necessary precursor to visuospatial processing, even though it engages somewhat different cerebral mechanisms (for a review, see Awh & Jonides, 2001 ) .
Hemispheric activation for spatial memory has been examined by Smith, Jonides, and Koeppe ( 1996 ) using positron emission tomography (PET). Participants ( n = 11) completed a dot-recognition task, similar to that used in the current study, in which they were required to determine whether a probe encircled the location of one of an array of previously presented dots. All four areas of signifi cant activation during task performance were found to be in the right hemisphere (areas in the ventrolateral frontal cortex, occipital cortex, parietal cortex, and premotor cortex). The current study provides cross validation for these fi ndings using fTCD, suggesting that spatial memory may be a reliable and valid way to determine laterality of visuospatial skills.
Developing rigorous methods for determining functional cortical organization of cognitive skills is of wide-ranging importance. Indentifying the neural areas that may mediate cognitive functions can help in minimizing cognitive impairments following neurosurgery (Dorst et al., 2008 ) , and provide information regarding shifts in cerebral activation during the course of learning paradigms or recovery from neurological defi cits (Frackowiak, 1997 ) . These techniques also have the potential to provide insights into the cause(s) or correlates of neurodevelopmental disorders for which atypical functional lateralization has been implicated, such as schizophrenia (Dragovic & Hammond, 2005 ) , specific language impairment (Whitehouse & Bishop, 2008 ) , and dyslexia Fig. 3 . Laterality for spatial memory and language production in right-handed, left-handed, and ambidextrous participants. A positive index indicates greater left-hemisphere than right-hemisphere activation, with a negative index signifying the reverse.
Fig. 2. Association between participants' laterality indexes (LIs)
for Time 1 and Time 2 as a function of handedness. (Illingworth & Bishop, in press ) . By demonstrating that lateralization of a spatial memory task can be reliably assessed using fTCD, the current study has presented a quick, noninvasive, and relatively low-cost method for assessing visuospatial lateralization in a clinical or research setting.
